We consider some implications of X-ray lines from certain astronomical objects as potential effects of dark matter decay in the context of the scotogenic model, where neutrinos acquire mass radiatively via one-loop interactions with dark matter. As an example, we focus on the 3.5 keV line recently detected in the X-ray spectra of galaxy clusters, assuming that it stands future scrutiny. We explore the scenario in which the line originates from the slow decay of fermionic dark matter in the model. After obtaining a number of benchmark points representing the parameter space consistent with the new data and various other constraints, we make predictions on several observables in leptonic processes. They include the effective Majorana mass in neutrinoless double-beta decay, the sum of neutrino masses, and the rate of flavor-changing decay µ → eγ, as well as the cross sections of e + e − collisions into final states containing nonstandard particles in the model. These are testable in ongoing or future experiments and thus offer means to probe the scotogenic scenario studied.
I. INTRODUCTION
Earlier this year two different collaborations [1, 2] independently reported the detection of a weak unidentified emission line at an energy of ∼ 3.5 keV in the X-ray spectra of a number of galaxy clusters and the Andromeda galaxy. More recently, the second group arrived at an almost identical result after examining the dataset of the Milky Way center [3] . On the other hand, there have been analyses [4] that questioned these findings. The second of the groups that had made the positive announcements has also responded to some of the criticisms of their results [5] .
Pending a consensus on whether the signal exists or not, one can therefore adopt the position that it does. In that case, it may be an intriguing hint of new physics beyond the standard model (SM) of particle physics, being compatible with the characteristics of a line originating from the decay of a nonstandard particle [1] [2] [3] [6] [7] [8] . 1 In this paper we work along a similar line within the context of the scotogenic model, which was invented by Ma [10] . Among the salient features of the model is the intimate link between its neutrino and dark matter (DM) sectors, as the neutrinos acquire mass radiatively via oneloop interactions with new particles, the lightest of which can act as weakly-interacting massive particle DM. The nonstandard ingredients of the model consist merely of a scalar doublet, η, and three singlet Majorana fermions, N 1,2,3 , all of which are odd under an exactly conserved Z 2 symmetry. In contrast, all of the SM particles are Z 2 even. This symmetry prevents neutrino mass from being generated at tree level and ensures the DM stability. Here we assume that the DM is composed of nearly degenerate N 1 and N 2 , with the latter being the more massive, and the slow decay N 2 → N 1 γ is responsible for the observed X-ray line. Various other aspects of the model have been explored in the literature [11] [12] [13] [14] [15] .
Previously, there was already a study on the 3.5 keV line within the same model [7] . However, the choices made therein for the Yukawa couplings of the new particles correspond to a zero value of the neutrino-mixing parameter sin θ 13 which has now been established to be nonnegligible [16] . More importantly, various constraints from the observed DM relic abundance, neutrino oscillation data, and experimental limits on flavor-violating decays such as µ → eγ were not addressed in Ref. [7] , but they significantly restrict the viable parameter space of the model. In our analysis below we take into account these and other relevant factors carefully. Moreover, from the allowed parameter space we make predictions on several observables. One of them is the effective Majorana mass that can be probed in ongoing and planned searches for neutrinoless double-beta decay. Another interesting quantity is the sum of neutrino masses that can be compared with numbers inferred from upcoming cosmological measurements with increased precision. Also pertinent are the rates of the loop-induced Higgs boson decays h → γγ and h → γZ, which receive scotogenic contributions and are already under investigation at the LHC. In addition, we predict the cross sections of electron-positron scattering into final states involving scotogenic particles that can be tested at next-generation e + e − colliders.
The organization of the paper is as follows. The next section gives a description of the relevant Lagrangians for the new particles and the parameters associated with the neutrino masses. In Section III, we look at a number of constraints on the couplings and masses of the new particles in the particular scenario of interest. Upon scanning the parameter space of the model, we present some sets of benchmark points representing parts of the viable regions. In Section IV, we provide predictions on several quantities that can be tested in ongoing and future experiments. We give our conclusions in Section V.
II. LAGRANGIANS, COUPLINGS, AND MASSES
The Lagrangian describing the interactions of the scalar particles in the scotogenic model with one another and the gauge bosons is
where D ς denotes the covariant derivative containing the SM gauge fields, the potential [10]
where U is the Pontecorvo-Maki-Nakagawa-Sakata (PMNS [17] ) unitary matrix and the formula for Λ k applies to the m 0 ≃ m S ≃ m P case. For U, we choose the PDG parametrization [16] U =ũ diag e iα 1 /2 , e iα 2 /2 , 1 , 
where δ ∈ [0, 2π] and α 1,2 ∈ [0, 2π] are the Dirac and Majorana CP -violation phases, respectively, c mn = cos θ mn ≥ 0, and s mn = sin θ mn ≥ 0. The Yukawa couplings Y ℓrk need to satisfy the relations in Eqs. (6) and (7). We adopt the solutions employed in Ref. [15] , namely, 
corresponding to the neutrino mass eigenvalues .
The requirement that m 1,2,3 be real and nonnegative then implies
These choices are consistent with the neutrino oscillation data, including sin θ 13 = 0. Information on the values of some of the neutrino parameters above is available from various measurements. A recent fit to the global data on neutrino oscillations [18] yield sin 2 θ 12 = 0.308 ± 0.017 , sin 2 θ 23 = 0.437
These belong to the normal hierarchy of neutrino masses m 1 < m 2 < m 3 , which is preferred by the solutions in Eq. (11) . In contrast to the well-determined squared-mass differences in Eq. (14), the absolute scale of the masses is still poorly known. The latest tritium β-decay experiments have led to a cap on the (electron based) antineutrino mass of mν e < 2 eV [16] . Indirectly, stronger bounds on the total mass Σ k m k = m 1 + m 2 + m 3 can be inferred from cosmological observations. Specifically, the Planck Collaboration extracted Σ k m k < 0.23 eV at 95% CL from cosmic microwave background (CMB) and baryon acoustic oscillation (BAO) measurements [19] .
Including additional observations can improve this limit to Σ k m k < 0.18 eV [20] . On the other hand, there are also recent analyses that have turned up tentative indications of bigger masses. The South Pole Telescope Collaboration reported Σ k m k = (0.32 ± 0.11) eV from the combined CMB, BAO, Hubble constant, and Sunyaev-Zeldovich selected galaxy cluster abundances dataset [21] , compatible with the later finding Σ k m k = (0.36 ± 0.10) eV favored by the Baryon Oscillation Spectroscopic Survey CMASS Data Release 11 [22] . As for the Majorana phases α 1 and α 2 , there is still no empirical information available on their values.
III. CONSTRAINTS
One interpretation of the 3.5 keV X-ray line suggested in Refs. [1, 2] is that it is the signature of a sterile neutrino ν s of mass m ν s ∼ 7 keV which serves as DM and decays into the photon plus an active neutrino at a rate within the range 4.8 × 10
In our scotogenic scenario of interest, N 1 plays the role of cold DM and is only slightly less massive than N 2 such that the decay N 2 → N 1 γ proceeds very slowly and is responsible for the line. Furthermore, N 2 has a lifetime τ N 2 that is longer than the age of the Universe, τ U , and hence contributes to the DM density ρ DM with present-day fractional abundance f N 2 . The near degeneracy of N 1 and
where the exponential factor accounts for the depletion of N 2 after freeze-out time. Since the flux Φ γ of the X-rays is proportional to the rate-to-mass ratios in the two cases according to
where τ U = 4.36 × 10 17 s [16] .
This radiative decay arises from loop diagrams with internal ℓ ± k and H ∓ and the photon attached to either one of the charged particles. We derive its rate to be
where
in agreement with the expression in the literature [13] . Thus Eq. (15) translates into restrictions on the Yukawa couplings of N 1,2 . We remark that with Y k1 and Y k2 given by Eq. (11) the sum in Eq. (16) would vanish if the charged leptons were degenerate. For the M 1,2 values considered here, 2 the N 2 lifetime τ N 2 = 1/Γ N 2 is dominated by the three body decay N 2 → N 1 νν which is mediated by the neutral scalars S and P and therefore depends also on Y k1,k2 . We employ the amplitude and rate already derived in Ref. [15] .
With both N 1 and N 2 making up the relic density, its observed value constitutes another restraint on their couplings. We impose 0.1155 ≤ Ωĥ 2 ≤ 0.1241 which is the 90% confidence level (CL) range of the data Ωĥ 2 = 0.1198 ± 0.0026 [16, 19] , where Ω is the present DM density relative to its critical value andĥ denotes the Hubble parameter.
Due to the near degeneracy and mutual interactions of N 1,2 , their coannihilation becomes relevant to the calculation of the relic density [24] . In that case Ω is approximately given by [24, 25] 
where m Pl = 1.22 ×10 19 GeV is the Planck mass, g * is the number of relativistic degrees of freedom below the freeze-out temperature T f = M 1 /x f , and a eff and b eff are defined by the expansion of the coannihilation rate σ eff v rel = a eff + b eff v 2 rel in terms of the relative speed v rel of the annihilating particles in their center-of-mass frame. The leading contributions to σ eff arise from (co)annihilations into ν i ν j and ℓ − i ℓ + j , which are induced at tree level by (S, P) and H ± exchanges, respectively. Neglecting the N 1,2 mass difference, we have [24] σ eff = 1 4
where σ kl = σ N k N l →νν + σ N k N l →ℓl and σ 12 = σ 21 . These cross sections have been computed in Refs. [14, 15] and each proceed from diagrams in the t and u channels because of the Majorana nature of the external neutral fermions. The size of the S-wave contribution a eff is at least several times that of the P-wave one b eff and comes mainly from σ 12 . In numerical work, we keep both a eff and b eff in Eq. (18) . There are also constraints on Y jk from the measurements of a number of low-energy observables. These couplings enter the neutrino masses m 1,2,3 in Eq. (12) and consequently need to be consistent with the most precise mass measurements. Thus we require
based on the 90% CL ranges of the data on δm 2 and ∆m 2 in Eq. (14) .
Another loop process is the flavor-changing radiative decay µ → eγ which involves internal H ± and N k . Searches for this decay have come up empty so far, leading to a restraint on its branching ratio [16] ,
at 90% CL. Hence this caps the prediction [11, 26] 
where G F is the Fermi constant,
The flavor-diagonal counterpart of the preceding process induces a modification to the anomalous magnetic moment a ℓ i of lepton ℓ i given by [26] 
Among a e,µ,τ , the most restrictive on the potential scotogenic effects is a µ whose current SM and experimental values differ by nearly three sigmas, a exp µ −a SM µ = (249±87)×10 −11 [27] . Accordingly, we require ∆a µ < 9 × 10 −10 .
In addition to the constraints just mentioned, there are others, such as those on τ → (e, µ)γ, as well as theoretical ones, which turn out to be less important in what follows. They were described in Ref. [14] . Direct searches for DM may also add to the restrictions [13] , but for the examples below we find that the cross sections of N 1 scattering off nuclei can evade the strongest limits from the LUX experiment [28] .
After setting θ 12,23,13 and δ to their central values from Eq. (14), taking E γ = 3.54 keV based on the detected X-ray energy numbers in Refs. [1] [2] [3] , and scanning the parameter space of the model, we obtain regions satisfying the restrictions discussed above. We illustrate this in Table I with 
IV. PREDICTIONS
It is interesting that, although the µ → eγ bound in Eq. (21) is one of the strictest constraints described in the last section, the benchmark points in Table I can translate into a branching ratio B(µ → eγ) that is not very close to the experimental limit. We display the numbers in the second column of Table II. Thus they serve as predictions of the scotogenic scenario under consideration that can be tested with upcoming searches for µ → eγ which will expectedly reach a sensitivity at a level of a few times 10 −14 within the next five years [29] . Another important observable is the effective Majorana mass 
which follows from the Majorana nature of the electron neutrino and can be probed in neutrinoless double-β decay experiments [30] . This process is of fundamental importance because it violates lepton-number conservation and thus will be evidence for new physics if detected [30] . The parameters in Table I lead to the predictions in the third column of Table II . They are only a few times less than the existing experimental upper limits on m ββ , the best one being 0.12 eV [31] . Forthcoming searches within the next decade are expected to have sensitivities to m ββ down to 0.01 eV [32] .
The sum of neutrino masses, Σ k m k , is also predicted in Table II . The results are compatible with the aforementioned bounds from cosmological data, Σ k m k < 0. 18 -0.23 eV [19, 20] , as well as the hints of greater masses Σ k m k ∼ 0.2 -0.4 eV from other cosmological observations [21, 22] . Upcoming data with improved precision can be expected to check the predictions.
We include in Table II the corresponding values of α 1,2 , computed using Eq. (13) . Although currently there is no experimental information on the values of these phases, they may be extractable from future measurements, especially those on m ββ .
Additional windows into the nonstandard sector of the model may be the Higgs boson decays h → γγ and h → γZ, which arise in the SM mainly from top-quark-and W -boson-loop diagrams and also receive one-loop contributions from H ± . Employing the formulas given in Ref. [14] with the Higgs mass m h = 125.1 GeV, the average of the most recent measurements [33, 34] , and selecting specific values of the parameter µ 2 in Eq. (2), we have listed in Table II the resulting ratio
where Γ(h → γV 0 ) SM is the SM rate. The two numbers on each line in the R γV 0 column correspond to the two numbers on the same line in the µ 2 column. Evidently the scotogenic effects on these two modes have a positive correlation. Since h → γγ has been observed, we can already compare our examples with the data. The latest measurements of its signal strength performed by the ATLAS and CMS Collaborations are σ/σ SM = 1.17 ± 0.27 [35] and σ/σ SM = 1.14 +0.26 −0.23 [36] , respectively. These are both compatible with the predictions, but the situation may change when more data become available.
As investigated in Ref. [15] 
V. CONCLUSIONS
We have explored possible implications of X-ray lines from DM-dominated objects as potential effects of the scotogenic model. As an example, we concentrate on the unidentified emission line at an energy of ∼ 3.5 keV recently reported in the X-ray spectra of some galaxy clusters. Assuming that this finding can stand future scrutiny and that no better standard explanations are available for it, we consider the scenario in which the line originates from the decay of fermionic DM in the model. Specifically, DM is composed of nearly degenerate N 1 and N 2 , with the latter being slightly more massive, and the slow decay N 2 → N 1 γ is responsible for the observed X-ray line. Accordingly, we apply various restraints on the model, especially those from the observed DM relic abundance, neutrino oscillation data, searches for flavor-violating decays such as µ → eγ, and measurements of muon g−2. Subsequently, from the allowed parameter space, we pick several benchmark points to make predictions on a number of interesting observables in processes involving leptons. These include the effective Majorana mass that can be probed in ongoing and planned searches for neutrinoless double-beta decay, the sum of neutrino masses that can be compared with numbers inferred from upcoming cosmological measurements with improved precision, the µ → eγ branching-ratio that will confront further experimental checks not too long from now, and the rates of the Higgs decays h → γγ and h → γZ presently being investigated at the LHC. Many of the predictions are already within reach of current or near future experiments. We also evaluate the cross section of e + e − → H + H − → ℓ + ℓ ′− / E which is testable at next-generation e + e − colliders. These machines can, in addition, provide a cleaner environment than the LHC to measure h → γγ, γZ. Thus our analysis indicates that X-ray lines from certain astronomical objects can potentially offer extra means to examine the scotogenic model.
